Introduction
Dielectric and optical response methods are not, in general, equivalent as their ability to detect various dynamical processes is essentially different. In the case of liquid crystals, the methods are expected to be inconsistent within low and high field-frequency ranges. This follows from the fact that, in the low frequency region, the optical technique detects ionic currents at much lower frequencies than the dielectric technique does, while, in the high frequency region, the optical method, in contrast to the dielectric one, is incapable of registering rotations of molecules around their symmetry axes. Although both the techniques belong to basic approaches for studying dynamic properties of liquid crystals [1] [2] [3] [4] [5] , rather little is known about the consistency degree of these techniques with respect to such materials. The consistency problem of liquid crystal responses has detailed been investigated only in the case of systems with helical geometry [1, 2] . It has been shown theoretically and experimentally that the coincidence of dielectric and optical responses occurs for both Goldstone and soft modes associated with disturbances of the helical structure under the external electric field of small amplitudes. This is a simple consequence of the uniaxial symmetry of helically ordered liquid crystals in the absence of the applied field. Indeed, a weak field-induced inclination of the optic axis in these systems can approximately be considered as being equivalent to a rotation of the laboratory frame around the axis parallel to the smectic plane and to the boundary plates, about a small angle. Then, responses functions of both types exhibit, up to a constant factor, the same dependence on the field frequency [1, 2] .
The theoretical analysis of the consistency of dielectric and optical responses associated with field induced collective motions with helical ordering cannot simply be adopted to chevroned systems [6, 7] , as these systems are optically biaxial. Nevertheless, the response consistency has theoretically been demonstrated to take place approximately for collective azimuthal excitations of molecules in chevron SSFLC, provided that the chevron layer tilt is very small [8] . Fortunately, the external (dc or ac) electric field always straightens chevron layers leading to the quasi-bookshelf structure, or even to the bookshelf structure, when the field amplitude is large enough [4, 9, 10] . On the other hand, the chevron angle can considerably be diminished by weak external electric fields, in cases of a strong molecular polarization.
In this paper, the question of correspondence of the dielectric and optical approaches to investigate the response of chevron SSFLC to weak electric fields is analyzed for a wide frequency range. In particular, a distinct inconsistence of both the methods in the, so-called, relatively low frequency region is found. This inconsistency is attributed to field-induced collective excitations of molecules within zig-zag walls being structural defects, a characteristic of chevron liquid crystals. The optical response of chevron samples at the relatively low frequencies is found to be irregularly dependent on the size and location of the area illuminated by light beams. It is argued below that irregular contributions to the optical response reflect a macroscopic size and random distribution of the zig-zag walls over samples.
Theoretical results for responses of chevron systems
The chevron structure of thin ferroelectric liquid crystals is imposed by intermolecular interactions and sufficiently strong surface interactions [6, 7] . An illustration of a uniform chevron ordering (in the absence of the applied field) is shown in two planes in Fig. 1 . Collective fluctuations of orientations of molecules in chevron cells can be induced applying along the X axis (normal to boundary plates) an alternating electric field E(t) = Ecos (wt), where E, w, and t are the amplitude, frequency, and time, respectively. Then, molecular distortions can be described using a dynamical field equation, which involves azimuthal angle f(x,t), where x is the position of the mass centre of a given molecule along the axis normal to the boundary surfaces [11] . As it has been shown, solving this equation for a weak electric field yields the following contribution to the dielectric susceptibility due to azimuthal molecular motions [12] c w e w e w w
The solution of the equation describing collective molecular motions can also be used to determine the optical response of chevron cells. This can be accomplished by analyzing the field induced distortion of the permittivity tensor defined in the laboratory frame [1] . Consequently, the unperturbed (by applied field) effective dielectric permittivity tensor for the entire system with small chevron tilt can be expressed as [8] ~, 
with e e e a = - does not possess the uniaxial symmetry. In the presence of the external electric field, the optic axis is inclined and, thereby, the dielectric tensor is perturbed. For weak fields, the perturbed dielectric tensor takes the form [8] 
and Df~( ) E t denoting an averaged, over the system volume, field-induced contribution to the average azimuthal angle. As it can be easily checked, the slight variation of the dielectric tensor under a weak electric field is equivalent to a transformation of~( ) e 0 in consequence of a rotation of the laboratory frame around the Z axis (see Fig. 1 ) about the small angle ae. Then, the transformed permittivity tensor~( 
Equalizingẽ andẽ, immediately yields
Consequently, the perturbation of the dielectric permittivity tensor by a weak applied field is equivalent to the transformation of the unperturbed tensor as a result of rotation of the laboratory frame if the above relation is satisfied. Then, the angle z describes the field induced inclina- tion of the light ray passing the chevron systems. This allows us to express the optical response of chevron systems in a standard way [2]
where the coefficient B L depends on experimental conditions. The frequency dependence of Df has the form [8] Df e f e w w e w w = ¢ + ¢¢ (10) where P S denotes the local spontaneous polarization. Accordingly, Df and c w ( ) are the same, up to a constant factor, functions of w. Hence, the ratio of the dielectric and optical responses of chevron systems
is independent of the field frequency, similarly as in the case of helically ordered systems [2] . Thus, both the response approaches to investigate field-induced collective molecular motions in regular (undefected) chevron cells are consistent for small electric field amplitudes. It should be pointed out that ratios of real parts as well as imaginary parts of the two responses are equal.
Experimental results and discussion
To study experimentally the consistency of the dielectric and optical responses of chevron liquid crystals, we used cells of the thickness of 5 µm, made by Linkam (Great Britain), and of the thickness of 12 µm, made by EHC (Japan). Cells of both the types are furnished with semi-transparent ITO electrodes and filled with the mixture Felix 015/100 from Clariant. Such samples display ferroelectric properties and the chevron ordering in a wide range of temperature. The measurements were carried using an experimental setup allowing simultaneous registration of response of both kinds in the frequency range 5 Hz < f < 100 kHz (f = w p 2 ) [8] . All measurements were realized at a rather low voltage of 0.5 V rms. The coefficient B L [see Eq. (9)], necessary to determine the deviation of the optic axis, was found by using a calibration procedure [13] . This procedure is based on investigating the change of light intensity caused by small rotations of the turntable of a microscope.
Experimental data obtained for dielectric and optical responses are presented here in a form of correlation diagrams of both real parts ( ¢ ¢ c , A L ) and imaginary parts ( ¢¢ ¢¢ c , A L ) of these responses. To avoid overlapping of correlation plots of their real and imaginary branches, the negative sign is ascribed to the imaginary component of the optical response. Results obtained for a cell of the thickness 5 µm are shown in Fig. 2 for the temperature T = 30°C and in Fig. 3 for T = 50°C, while the results found for a sample of 12 µm thickness, at T = 30°C, are presented in Fig. 4 . These figures demonstrate that there are four distinct frequency regions of the consistency or inconsistency of the considered response methods.
The first of these regions, marked with I, is a range of intermediate field frequencies, for which collective molecular motions within chevron layers dominate the response of cells to weak applied field [8] . As it can be seen, the correspondence diagrams have in this frequency range nearly linear form with slopes of real and imaginary branches of the same absolute value, in accordance with the theoretical prediction [Eq. (11) ]. This indicates that chevron liquid crystal responses of both types are consistent within the immediate frequency range. Notice that this range shrinks as the thickness of samples grows (cf. plots in Figs. 2 and 4 The second region, designated by II in the correlation diagrams, is connected with high frequencies, at which rotational motions of molecules around their short axes are excited [4] . Since such molecular excitations are uncorrelated, they affect only dielectric response of liquid crystals. As a result, there appears a deviation from the linear form of the dependence of c on A L , as seen in Figs. 2, 3, and 4 . Consequently, the dielectric and optical response methods yield inconsistent result at high frequencies. Another discrepancy between dielectric and optical response data occur at low, or very low, field frequencies (region III), for which ionic currents give significant contributions to the dielectric response [14, 15] . On the contrary, the optical response is nearly unaffected by ionic currents, even at very low frequencies. This causes inconsistency of dielectric and optical response data, being more pronounced at higher temperatures, when the concentration and mobility of ions are large. The plots of correlation of imaginary components in the insets of Figs. 2 and 3 illustrate this effect for temperatures 30°C and 50°C, respectively. It is clear that lowfrequency and high-frequency inconsistencies of dielectric and optical response data, similar to those described here, can also occur in various liquid crystals of different structures, different from the chevron-like ordering. There exists, however, one more range of frequencies, called here relatively low frequencies, for which the dielectric and optical response data obtained for the studied samples do not agree. This frequency range, marked in the correlation diagrams with IV, lies between the low (III) and medium (I) frequency ranges.
The occurrence of a disagreement between dielectric and optical data at relatively low frequencies is a characteristic property of SSFLC with the chevron structure. For weak applied fields, it can be regarded as originating in collective molecular motions within smectic layers, which form zig-zag walls being defects in the regular chevron structure [4, 6, 7] . The effect of molecular motions within the defect walls, especially within thick walls [4] , can easily be registered through microphotographs, as illustrated in Fig. 5 for the alternating voltage of the amplitude U = 0.5 V rms and the frequency f = 70 Hz. The photographs of this figure plainly show a strong flash of light passing through a thin defect wall, caused by collective reorientation of molecules within the wall, under electric field modulation. Due to irregular shapes and different sizes of the defects, as well as due to a variation of the viscosity of molecules near borders of the walls, the field-induced response of defected chevron cells is affected in the frequency region IV by a continuous spectrum of relaxation processes rather than by a few single processes [12] . The complex dynamics of the zig-zag defects is reflected in the field-induced response of the studied samples, as illustrated in Fig. 6 , where a contour diagram of the imaginary part of the optical response is shown in the U-f plane for a cell of the thickness 5 µm, at the temperature T = 50°C. As it can be seen, relaxation processes of defects give significant contributions to ¢¢ A L in a wide frequency range, up to approximately 700 Hz (at small voltages). Note, that in the area roughly given by 0 < U £ 0.5 V rms and 50 Hz < f < 700 Hz the level lines are nearly straight, parallel to the U-axis. Thus, dynamic processes associated with voltage amplitudes and frequencies belonging to this area can be considered as being linear. Since the frequency range IV (similarly as remaining frequency ranges considered here) lies on a line inside this area, drawn as the solid (vertical) line in Fig. 6 , the collective molecular excitations within defect walls can be regarded as linear processes for all field frequencies from the range IV. The inconsistency of the response techniques connected with the frequency region IV follows from the fact that the optical response method, contrary to the dielectric one, enables one to record dielectric response from some fragments of the studied samples. Indeed, light beams used in measuring the optical response usually illuminate smaller areas than entire surfaces of cell electrodes. Since the zig-zag walls are, in general, macroscopic objects and are randomly distributed over a given chevron system, the form of the frequency dependence of its optical response varies within the range IV when illuminated sample area is changed. Furthermore, the optical response exhibits within the range IV different dependence on the field frequency for different samples. Such an effect can be ascertained comparing plots of imaginary branches of the correlation diagram presented in insets of Figs. 2 and 4 , for the cells of thicknesses 5 µm and 12 µm, respectively. Clearly, zig-zag defects embody only small parts of samples and any changes of the illuminated area of a given sample can lead merely to slight variation of the optical response function in the frequency range II, in which the optical response is dominated by cooperative molecular motions in chevron slabs.
Since both ionic motions and collective molecular reorientations are activated by external electric fields, the coupling between ionic currents and cooperative rotations of molecules (within defect walls and beyond them) is the second-order effect with respect to the field amplitude. Thus, the influence of the ionic currents on collective motions of molecules is insignificant for weak electric fields. This can be easily seen in Figs. 2 and 3 , where a rather strong temperature dependence of the correlation diagrams, reflecting the ion mobility, manifests itself only in the frequency region III, for which ionic currents entirely dominate the dielectric response of the considered systems. On the contrary, the correlation diagrams do not display strong temperature dependence in the frequency regimes IV and I, in which collective rotations of molecules (within and beyond defects) are predominant. It is remarkable, that the regions III and IV are sharply separated at a threshold frequency. For the studied samples of the thicknesses of 5 µm and 12 µm, this frequency is approximately equal to 50 Hz and 80 Hz, respectively (see Figs. 2, 3, and 4) .
The dashed curve in Fig. 6 is a critical line separating regions of different dynamic behaviours of defects. The region on the left side of the critical line refers to localized motions of molecules constituting defects, while the region on the right side of this line corresponds to creep and sliding motions of zig-zag walls [12, 16] . It is remarkable that both the creep and sliding wall motions do not affect almost all the optical response at large voltage amplitudes (see Fig. 6 ), as these dynamic processes are very slow and nonperiodic.
Conclusions
The consistency of dielectric and optical response measurement data has been found here at intermediate frequencies, in chevron liquid crystals, which are optically biaxial. This might suggest that both the response methods are capable of yielding consistent results also in cases of other liquid crystals with biaxial symmetry of the dielectric permittivity tensor. However, it must be stressed that the theoretical results presented here cannot simply be applied to systems of other molecular structure than the chevron one with small chevron angle. It is also worth noting that the correspondence of the response methods has only been examined for weak applied fields, for which the induced dynamic molecular processes can be treated as being linear. Thus, the problem if the response techniques are equivalent (at least within some frequency ranges) in the case of strong electric fields is still open. 
